It has been reported that suboptimal in vitro culture (IVC) of mouse embryos can affect the postnatal expression of epigenetically sensitive alleles, resulting in altered postnatal growth, organ dimensions, health, and behavior in the offspring. Although these detrimental impacts on the offspring are well described, the relative contribution of the IVC-produced fathers is unclear. In this work, we have analyzed if suboptimal IVC (achieved by altering the culture medium by the addition of FCS) can affect male fertility and if organ size and glucose clearance, two of the adverse effects produced by suboptimal IVC conditions, were transmitted to the next two generations. IVCproduced males had lower sperm concentrations (5.8 3 10 6 spermatozoa in IVC vs. 14.5 3 10 6 spermatozoa in control), and these sperm exhibited decreased overall motility (49.6% vs. 72.8% in control) and progressive motility (22.6% vs. 32.2% in control). Fertility tests demonstrated that the percentage of pregnancies was reduced for IVC males (35% for IVC-produced males vs. 86% for in vivo controls). These features were related to a modified gene expression pattern in adult male testes, showing an altered gene expression in genes involved in DNA repair and apoptosis that was confirmed by TUNEL assay. Regarding the IVC related adverse phenotype transmitted to offspring, male glucose intolerance was shown only in F1 and F2 male but not female offspring. The same occurred with male abnormalities in the organ size of the liver, which were transmitted to F1 and F2 males but not to F1 females; moreover, analysis of the F0, F1, and F2 males revealed greater coefficients of variance in body weight and glucose intolerance than the control group. Finally, we analyzed, through gene silencing, the effect of IVC on the mRNA expression at the blastocyst stage for 11 known gene expression modifiers of epigenetic reprogramming. Suboptimal IVC reduced the expression of Kap1, Sox2, Hdac1, Dnmt1, and Dnmt3a, suggesting a molecular epigenetic role for gene expression modifiers in the origin and transmission of these abnormal phenotypes.
INTRODUCTION
The in vitro culture (IVC) of preimplantation stage mammalian embryo serves as the basis of modern reproductive biotechnologies and embryonic stem cell biology; however, suboptimal conditions may cause a marked reduction in their viability and development. Some recent studies [1, 2] increased our knowledge of the influence of IVC conditions during the developmental program not only in the short term (blastocyst morphogenesis) but also in the long term (growth, viability and physiology of the fetus and offspring) [3] . IVC in the presence of fetal calf serum (FCS) followed by embryo transfer reduced by half the capacity of the resulting blastocysts to implant in the uterus when compared to culture without FCS. This feature led to abnormal fetal growth and development [4, 5] . Furthermore, mice derived from embryos cultured in suboptimal conditions can suffer obesity, increased anxiety, and deficiencies in their implicit memory system [2] . Similar developmental and behavioral alterations in adult mice derived from embryos produced in vitro in the absence of serum were reported by others [1] , suggesting that usually IVC environments, not only those supplemented with serum, are capable of inducing aberrant phenotypes. Taken together, our results, along with the data of other research teams [6] , suggest that the well-documented developmental alterations observed in mice, rat, sheep and cattle after embryo IVC manipulation can probably be extended to most eutherian mammals, including humans. However, whether suboptimal IVC affects the fertility of the adult males or whether any long-term consequences could be transmitted to the next generation is unknown.
In addition to alterations in gene expression produced by IVC [7, 8] , the epigenetic reprogramming of the embryo may also be severely affected, particularly with regard to imprinted genes [4, 5, 9] . It has been demonstrated that the composition of the medium used for embryo culture has a profound effect on the methylation pattern in the resultant two-cell embryos [10] , indicating that, in addition to imprinted genes, other epigenetic alterations may intensely modify gene expression. Postnatal survivors of these procedures might have subtle genetic and epigenetic defects that are below a detectable threshold but that are manifested later in life and threaten viability [3] . It has also been reported that culture and transfer of mouse preimplantation embryos resulted in altered postnatal growth and organ sizing in the offspring that persisted into a second generation, suggesting heritable epigenetic modifications [11] . Moreover, IVC can affect the postnatal expression of some transposons and epigenetic sensitive alleles that exhibit transgenerational inheritance [12, 13] . However, we do not know how widely the mechanisms involved in the regulation of transposons are used throughout the rest of the genome. It is likely that similar mechanisms of metastable epialleles will act in humans. Indeed, 30% of all transcripts identified by cap-analysis of gene expression (CAGE) tags derived from human embryonic tissues have been associated with repetitive elements, and 16% are retrotransposons [14] .
The current study was undertaken to assess the impact of suboptimal IVC on the fertility of male mice and to analyze if some of the long-term consequences produced by IVC could be transmitted to the next generation. Here, we report that suboptimal IVC altered the gene expression of adult male testis and induced apoptosis. We also demonstrate that males produced by IVC can transmit some of the aberrant phenotypes produced by the IVC to F1 and F2 males. Moreover, measurement of the IVC effect in 11 known modifiers of epigenetic reprogramming was performed at blastocyst stage, suggesting a molecular epigenetic explanation for the origin and transmission of these abnormal phenotypes.
MATERIALS AND METHODS

Animals and Production of In Vivo and IVC Embryos
All experimental procedures with mice were approved by the INIA ethical committee in animal research, according to the Guide for the Care and Use of Laboratory Animals adopted by the Society for Study of Reproduction and European legislation. Mice were fed ad libitum with a standard diet (Harland Ibérica) and maintained in a temperature-and light-controlled room (22-248C, 14L:10D). Female (C57BL/6xCBA) mice (8-10 wk old) were superovulated by intraperitoneal injections of 7.5 IU of equine chorionic gonadotropin (Folligon 500, Intervet), followed 48 h later by 7.5 IU of human chorionic gonadotropin (Veterin Corion, Equinvest) [15] . One-cell embryos obtained from superovulated female mice mated with (C57BL/6xCBA) males were cultured in KSOM media (Sigma-Aldrich) supplemented with 10% FCS (Sigma-Aldrich) for 4 days. Embryos that reached the blastocyst stage were transferred into the oviduct of Day 0.5 CD1 pseudopregnant females [16] . To ensure standardized nutrition and maternal care, all the litters were redistributed (or augmented with additional pups) to have litter sizes of six to eight pups on the day after birth (F0 IVC). For the production of the F1 IVC offspring, five females (C57BL/6xCBA) of 8-10 wk of age were mated with each of five randomly selected F0 IVC males of 3-4 mo of age to produce F1 hybrid male offspring. For the production of the F2 IVC offspring, five females (C57BL/ 6xCBA) of 8-10 wk of age were mated with each of 5 F1 IVC males randomly selected of 3-4 mo of age to produce F2 IVC male offspring. After weaning, mice were weighed weekly until 10 wk of age and biweekly thereafter. At 15 mo of age, some viscera (from more than 10 animals per group), including liver, lung, heart, kidney, spleen, and testes, were excised, and the body/organ weights were measured.
Male Fertility Test
Three virgin female B6D2F1 mice of 8-12 wk of age were partnered with one male between 9 and 10 mo of age (F0 IVC group n ¼ 17; control group n ¼ 35) for 5 consecutive days. Every day during the cohabitation, females were examined for plugs as evidence of mating. All females were euthanized with CO 2 at Day 14 of gestation; the percentage of pregnant females, number of vaginal plugs, resorptions per litter, and litter size were recorded. Live fetuses were euthanized after examination. For the F0 IVC males, the aforementioned fertility study was repeated two to three times at intervals of 2 wk.
Glucose and Insulin Blood Test
Four-month-old mice were transferred to a metabolic clean cage and fasted overnight (16 h) with ad libitum access to water. Animals were exposed to a blood glucose tolerance test. Whole-blood b-D-glucose levels were determined using a standard handheld glucometer (Glucocard Gsensor, Arkray Factory, Inc.) using blood samples (2 ll/measure) collected from the tip of the tail. Following baseline glucose measurements, mice were injected i.p. with glucose (20% solution, 1.5 mg/g). Then blood glucose readings were taken at 15, 30, 45, 60, and 120 min postinjection. Food was returned immediately following the last time point. The insulin level was determined with ELISA using the Ultra Sensitive Insulin ELISA Kit (Crystal Chem) using blood samples collected from tails at 0, 15, 30, 60, and 120 min post glucose i.p. injection. Area under the curve (AUC) was calculated for suprabasal plasma insulin (AUCinsulin) and plasma glucose (AUCglucose) levels, respectively, for the entire 120-min study period with the trapezoid rule.
Sperm Motility Analysis
Adult males (9 mo of age) derived from IVC in the presence of FCS were sacrificed by cervical dislocation. Testis, epididymis, and vas deferens were immediately removed, releasing them from fat and veins to avoid contamination. For motility analysis, sperm were extracted into a 35-mm well with 500 ll of M2 media (Sigma-Aldrich), exerting soft pressure from the cauda epididymis to the end of the vas deferens with a watchmaker's tweezers. Sperm were incubated at 378C for 15 min until they were homogeneously distributed in the M2 drop. A sample of 25 ll from the surface of the drop (swim-up) was placed on a microscope slide to obtain quantitative parameters of sperm motility. Overall sperm motility and progressive motility measurements were analyzed by Integrated Semen Analysis System. The parameters used for this analysis were smoothed path velocity, track velocity, straightness (ratio of straight line velocity [VSL] to smoothed path velocity), and amplitude of lateral head displacement, based on total motility, progressive motility and speed (static, medium, and slow sperm cells) [17] . For sperm count measurements, a sample of sperm was diluted 1/10 in Milli-Q water, and 10 ll were placed on a Bürker chamber to obtain sperm cell concentration (million spermatozoa/ml). The epididymis was then cut at the junction between the corpus and the cauda epididymis, and the latter were placed into a well with 1.0 ml of M2 buffer. Several cuts were made in the tissue with scissors, and the sperm were gently pressed out. Sperm was also extracted from the vas deferens in a separate well and then removed from the plate. The sperm recovered from the cauda epididymis were then collected in an Eppendorf tube. Using a hemocytometer (15 lm/side), sperm counts were determined as number of sperm cells per milliliter.
TUNEL Analyses of the Testis Tissues
Both testes were fixed in Bouin solution for 24 h. The immersion-fixed testes were sliced transversely into approximately 3-mm-thick strips and processed for paraffin embedding. Sections (5-lm thick) across the seminiferous tubules were deparaffinized, hydrated, and stained with hematoxylin and eosin for histological examination. The TUNEL assay for apoptotic cell detection was performed using the In Situ Cell Death Detection Kit (Boehringer Mannheim GmbH) and was performed according to the manufacturer's instructions. Apoptosis was visualized using antifluorescein antibody Fab fragments, conjugated with alkaline phosphatase (AP) and converter AP. The number of TUNEL-positive cells in approximately 250 seminiferous tubules of each mouse was counted, and the apoptotic indices were then determined by calculating the ratio of the total number of TUNELpositive cells/number of counted seminiferous tubules.
RNA Isolation, cDNA Synthesis, qPCR, and Data Analysis RNA was prepared from testis of control and IVC-produced 9-mo-old mice, using the ULTRASPEC total RNA Isolation Reagent Kit (BioTex Laboratories, Inc.) according to the manufacturer's instructions (two animals pooled per sample, with triplicated samples). For the analysis of gene expression in blastocysts, total RNA was isolated and purified from three pools of 10 blastocysts produced in vivo or in vitro (KSOM supplemented with 10% FCS or in the presence of 1 g/L BSA) using the RNeasy Micro Kit (Qiagen) [18] . Embryos were pooled randomly to avoid batch-to-batch variation. Immediately after extraction, the RT reaction was carried out following the manufacturer's instructions (Promega) to produce cDNA. Tubes were heated to 708C for 5 min to denature the secondary RNA structure, allowing random primer and oligo-dT annealing, and then the RT mix was completed with the addition of 5 units of Superscript RT enzyme. The tubes were then incubated at room temperature for 10 min and next at 428C for 60 min to allow the reverse transcription of RNA, followed by 708C for 10 min to denature the RT enzyme. To detect each transcript, we used 2 ll of the cDNA sample in the RT-PCR. The mRNA transcripts were quantified by real-time qRT-PCR [19] . Four replicate PCR experiments were conducted for all genes of interest. Experiments were designed to compare the relative levels of each transcript and histone H2az in each sample. PCR was performed by adding a 2-ll aliquot of each sample to the PCR mix (Quantimix Easy Sig Kit; Biotools) containing the specific primers. Primer sequences, annealing temperatures, and the approximate sizes of the amplified fragments of all transcripts are provided in Supplemental Table  S1 (all supplemental data are available online at www.biolreprod.org). The comparative cycle threshold (CT) method was used to quantify expression levels [20] . Quantification was normalized to the endogenous control H2az. Fluorescence was acquired in each cycle to determine the threshold cycle, or the cycle during the log-linear phase of the reaction wherein the fluorescence increased above background for each sample. Within this region of the amplification curve, a difference of one cycle is equivalent to doubling the amplified PCR product. According to the comparative CT method, the CT value was determined by subtracting the H2az CT value for each sample from CALLE ET AL.
the CT value of each gene in the sample. CT was calculated using the highest sample CT value (i.e., the sample with the lowest target expression) as an arbitrary constant to be subtracted from all other CT sample values. Fold changes in the relative gene expression of the target were determined using the formula 2 -CT .
Statistical Analysis
Data processing and statistical analysis were performed using the SigmaStat (Jandel Scientific) package. Percentage of overall sperm motility, progressive motility, and TUNEL-positive cells and data on organ size, differences in glucose and insulin (during glucose tolerance test) and gene transcription were analyzed by one-way repeated-measures analysis of variance (ANOVA). Where necessary, percentages and proportions were transformed with arcsine to normalize data. Where main effects were found, Holm-Sidak post hoc tests were used to make comparisons between groups. A P value , 0.05 was considered statistically significant. Proportion of plugs and pregnancies in female mice were analyzed using the Fisher exact test. The trapezoidal rule was used to determine the AUC in the glucose and insulin analysis. Means differences were analyzed using one-way repeated-measures ANOVA and significance determined using Holm-Sidak post hoc test. A P value , 0.05 was considered statistically significant.
RESULTS
Sperm Analysis, Male Copulation, and Fertility Test
The total sperm concentration obtained from the epididymis was lower in the IVC males in comparison with the control (n ¼ 1A) . Furthermore, female mice that were partnered with F0 IVC males exhibited a significantly reduced pregnancy rate in contrast to female mice mated with control males (34.6 6 7.9% vs. 86.2 6 6.6%, respectively; Fig 1B) . However, the litter size was not different between groups, indicating that males capable of impregnanting females have sperm of sufficient quality to produce normal litter sizes.
Messenger RNA Expression Pattern Alteration in IVCProduced Males
To analyze the mechanisms that may hinder male fertility as a consequence of IVC, analysis of mRNA from testicular extracts was performed. Several genes related to pluripotency, oxidative stress, transposons, imprinting, apoptosis, DNA damage, and telomeres were analyzed in the testes of control and IVC males of 9 mo of age. Examining pluripotency, the mRNA expression of Nanog (Nanog homeobox) and FoxD3 (forkhead box D3) was decreased in the IVC males (Fig. 2A) . The same reduction was observed for all the oxidative stressrelated genes analyzed (catalase-Cat-, superoxide dismutase 1-Sod1-, glutathione peroxidase 1-Gpx1-, and oxidative stressinduced growth inhibitor family member 2-Osgin2) (Fig. 2A) . The expression of the retrotransposon Erv (murine endogenous retrovirus) was significantly elevated in IVC males, whereas Iap (intracisternal A particle) mRNA was increased in the control ( Fig. 2A) . In addition, of the three imprinted genes analyzed, only the expression of Zrsr1 was reduced in the IVC males, showing similar transcription levels in Rhox5 and Gtl2 (Fig. 2A) .
The level of preapoptotic Bax was higher in the IVC males, and the level of antiapoptotic Bcl2 was lower than in the control males (Fig. 2B) . Furthermore, the levels of transcripts of two AlkB genes that protect against the cytotoxicity of methylating agents through repair of the specific DNA lesions generated in single-stranded DNA, Alkhb3 (alkylation repair homolog 3) and Alkhb8 (alkylation repair homolog 8), was lower in the IVC males. However, two genes whose transcript levels are increased following a stressful growth arrest condition and DNA damage, Gadd45b (growth arrest and DNA damage-inducible 45b) and Ddit4 (DNA damageinducible transcript 4), showed higher expression in the IVC males (Fig. 2B) . In relation to the other two genes associated with DNA damage that belong to the nucleotide excision repair (NER) pathway, Ercc1 (excision repair cross-complementing rodent repair deficiency, complementation group 1) and Xpa (Xeroderma pigmentosum, complementation group A), only Xpa had a lower transcription in the control testes (Fig. 2B) . Of the two telomerase components analyzed, Tert (telomerase reverse transcriptase) expression did not show any differences between groups, but Terc (telomerase RNA component) transcription was significantly higher in the IVC testes (Fig.  2B) . 
PATERNAL TRANSMISSION OF PHENOTYPE INDUCED BY IVC
TUNEL Labeling of Mice Testicular Sections
A TUNEL assay was performed on testicular paraffin sections from F0 IVC (n ¼ 4) and control (n ¼ 4) male mice of 9 mo of age. The TUNEL assay showed more TUNEL-positive cross-sectioned tubules and more spermatogenic cells undergoing apoptosis in IVC male testes when compared to the control mice (Fig. 3) . Furthermore, histological examination of the testes indicated that the morphology of seminiferous tubules from F0 IVC mice appeared normal, but some seminiferous tubules showed germ cell-deficiency.
Body Weight, Glucose and Insulin Blood Levels, and Organ Size
Five F0 IVC-produced males and 5 F1 males (phenotypically normal) were mated at 4 mo of age with B6CBA wildtype females to analyze the transmission of the phenotypes CALLE ET AL. present in the F0 IVC males to F1 and F2 offspring. After weaning, the offspring of the suboptimal IVC males and of the F2 (40 males and 40 females) were weighed weekly until 10 wk of age and biweekly thereafter. No significant differences in the body weight mean were observed in the male offspring (Fig. 4A) . However, after 26 wk of age, a larger standard deviation of the weight mean and a significantly increased coefficient of variance were observed in F0, F1, and F2 IVC males (Fig. 4, A and B) . Thirty percent of these animals weighed more than 40 g, indicating interindividual differences in susceptibility to obesity (Fig. 4A) . Body weight standard deviation was higher in the F1 males than in their fathers (IVCproduced males), and F0, F1, and F2 had a higher standard deviation than control mice (Fig. 4B) . No differences of the weight standard deviation were observed between the F1 and the F2 IVC males. Although body weight was not different, liver weights were significantly higher (P , 0.01) in 15-moold mice derived from IVC in the presence of FCS than in control animals (Supplemental Table S2 ); this phenotype was transmitted to F1 and F2 males derived from F0 IVC males but was not transmitted to F1 females.
In the glucose tolerance tests, F0, F1, and F2 IVC males but not females had a lower ability to rectify blood glucose concentrations in response to glucose administration (Fig. 4C) . They had basal glucose concentrations (fasting blood glucose), similar to control animals, but higher concentrations at 30, 45, and 60 min post glucose injection (P , 0.001) and also at 120 min (P , 0.005). Moreover, in control mice, plasma glucose concentrations reached a maximum at 15 min after the glucose challenge, followed by a first-order kinetic glucose elimination until 60 min. In contrast, in F0, F1, and F2 IVC males, the glucose concentrations reached the maximum at 30 min, without any glucose elimination between 15 and 60 min. Thus, at 120 min, the glucose blood concentrations in F0, F1, and F2 IVC males were markedly increased in comparison with the control group, suggesting a severe glucose intolerance (Fig.  4C) . This was also shown with the AUC measurement (Fig.  4E) . All the F0 IVC males exhibited glucose intolerance, and there was a positive correlation between the weight of the mice and the glucose intolerance, indicating that several factors are modulating the level of glucose intolerance (Fig. 4D) .
To investigate the mechanism for the decreased ability of IVC males to clear glucose, the circulating insulin concentration in wild-type and F0 IVC mice during a glucose tolerance test was measured. Figure 4F shows that for the circulating level of insulin, there was a trend for increased insulin concentrations at 15 and 30 min post glucose injection, but this was significantly different only after 60 min post glucose injection (P , 0.001), indicating insulin resistance, and this was reflected in the AUC data (Fig. 4F ).
Messenger RNA Expression at Blastocysts Stage of Gene Silencing Epigenetic-Related Genes
The relative amount of mRNA of 11 genes related to epigenetic reprogramming and gene silencing was quantified in blastocysts produced in vivo or produced in vitro in KSOM media supplemented with FCS (suboptimal condition) or with BSA (optimal condition). These genes were methyl CpG binding protein 2 (Rett syndrome; Mecp2); SRY (sexdetermining region Y)-box 2 (Sox2); histone deacetylase 1 (Hdac1); tripartite motif protein 28 (Trim28); SET domain, bifurcated 1 (Setdb1); suppressor of variegation 3-9 homolog 2 (Drosophila; Suv39h2); SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily a, member 1 (Smarca1); bromodomain adjacent to zinc finger domain, 1B (Baz1b); DNA (cytosine-5-)-methyltransferase 1 (Dnmt1); DNA methyltransferase 3a (Dnmt3a); and DNA (cytosine-5-) -methyltransferase 3 beta (Dnmt3b). IVC produced an alteration in the expression of five genes. The transcription of Sox2 and Hdac1 was significantly increased in the control group in comparison with both in vitro cultures; in contrast, Kap1, Dnmt1, and Dnm3a mRNA expression was significantly lower in the suboptimal IVC-FCS group than in the in vivo or IVC-BSA groups (Fig. 5) .
DISCUSSION
This study describes for the first time that suboptimal IVC affects male fertility and that a paternal IVC effect induces intergenerational transmission of a glucose metabolism alteration and hepatomegaly phenotype to their male offspring, confirming that programming events triggered by preimplantational growth restrictions may induce persistent and transmissible phenotypic abnormalities in subsequent generations. These phenotypes were observed in obese and nonobese males, indicating that obesity was not the cause of those phenotypes. Transcriptional analysis of candidate genes in testes suggests that apoptosis and DNA repair defects are related to the subfertile phenotype of the IVC males, and gene analysis at the blastocyst stage suggests that some modifiers of A larger standard deviation of the mean weight and a significantly increased coefficient of variance were found in F0, F1, and F2 IVC males (P ¼ 0.005). C) Glucose tolerance test (1.5 g glucose/kg body weight, i.p.) was performed in unrestrained 4-mo-old male mice after an overnight fast (n ¼ 15/group); blood glucose measurements were taken every 15 min for 120 min with a blood glucose monitor (Accu-Chek). Symptoms of metabolic syndrome (glucose intolerance) were observed in IVC F0, F1, and F2 male mice. D) Glucose tolerance test in three groups of F0 IVC males of different weight showed that all groups have glucose intolerance. E) Area under the curve for glucose (AUC glucose ) was obtained using the trapezoidal rule and measured in individual mice. (Results are means 6 SEM; a and b indicate statistical differences at P , 0.005). F) Insulin concentrations during the glucose tolerance test. Area under the curve for insulin (AUC insulin ) was obtained using the trapezoidal rule and measured in individual mice. Results are means 6 SEM; * indicate statistical differences at P , 0.005.
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epigenetic gene silencing play a crucial role in the transmission of some abnormal phenotypes produced by suboptimal IVC.
The detected subfertility of the suboptimal IVC males represents an aspect that could allow us to get not only a better understanding of fertility regulation but also a greater appreciation of the consequences of IVC. An approach based on testicular analysis of candidate gene expression between IVC-and in vivo (control)-produced animals was performed. The variation of the retrotransposons Erv and Iap mRNA amounts and of one of the three imprinted genes analyzed (paternal expressed Zrsr1) suggests that some epigenetic alterations are produced by IVC in the testes of adult mice. The four oxidative stress markers analyzed (Caspase, Gpx1, Sod1, and Osgin2) were underexpressed in the testes of suboptimal IVC-derived males, indicating that the oxidative protection is compromised, contributing to damage in the spermatogenic cells. By examining this damage, it was found that the Bax/Bcl2 ratio, a parameter that is indicative of the apoptosis status [21] , was increased in the testes of IVCderived males, suggesting that there were a high number of apoptotic cells in that tissue, and this was confirmed by TUNEL assay. In addition, the underexpression of pluripotency genes (Nanog, FoxD3, and Zrsr1) [22] [23] [24] may indicate a lower number of spermatogonia and a lower production of spermatozoa. The lower oxidative protection, the higher apoptosis rate, and the lower number of pluripotent cells may explain the reduced number of sperm cells found in the IVC males. Recently, it has been reported that intracytoplasmic sperm injection-derived mice exhibit a high level of spermatogenic cell apoptosis (similar to that observed in our IVCproduced mice) and decreased testis weight, suggesting a potential risk to the fertility of male offspring [25] . It has also been reported that diabetic mice have lower sperm concentration, motility, and fertilization rates than control and also lower embryo development rates, indicating that male diabetes may cause subfertility [26] . We have also identified a phenomenon of glucose deregulation in the suboptimal IVC-produced mice, indicating the possible relationship between this diabetes-like disease caused by the IVC and the subfertility of the males.
In relation to the two genes associated with the NER pathway, Xpa transcription was detected only in the testes of the suboptimal IVC group. It has recently been described that Xpa is essential to recruit endonucleases and polymerases to the damage sites to restore the original DNA sequence [27] . The higher expression of Xpa in IVC males supports the existence of extensive DNA damage in these animals. In agreement with previous results, Gadd45 and Ddit4 were upregulated in the testes of IVC males. Gadd45b plays a role in cell cycle arrest, and it is a positive mediator in Fas-induced apoptosis when a DNA injury appeared in nonneoplasic cells [28] . The expression of Ddit4 is regulated by hypoxia, cellular energy stress, and p53 and p63 in response to DNA damage and reactive oxygen species (ROS) [29] . Its expression has also been related to the regulation of aging in mammals [30] , indicating that this subfertility is also related to alterations in aging regulatory pathways. Accordingly, Gadd45 family proteins are also known to be involved in senescence, defined as the physiological stress response due to aging [31] . Moreover, Alkbh3 and Aldbh8, which have been identified as repair enzymes [32] , were underexpressed in the testes of IVC males. Thus, the possibility of premature aging in the IVC animals arises, which may become evident in the telomere machinery regulation, since Terc transcription was significantly higher in the IVC testes.
Regarding the impaired glucose tolerance, an important diabetes-like disease was observed in IVC-produced male mice. A major contributing factor to the delayed glucose clearance of the IVC males could be the observed insulin resistance. The elevated insulin concentrations produced by the IVC males may represent a compensatory response to maintain glucose levels, as is frequently observed in insulin-resistant diabetes type 2 in humans and animals [33] . Interestingly, by analyzing the offspring of IVC males mated with normal females, it was observed that these characteristics were transmitted to the F1 and F2 males but not to females. In agreement, transgenerational transmission of impaired glucose tolerance also through the paternal lineage has been previously reported [34] . In relation to the differences between genders, this bias could be explained by the role of sex chromosomes, the different regulatory pathways underlying sexual development of most organs, and, finally, the lifelong fluctuating impact of sex hormones. In that sense, a hormonal sexual difference in the regulation of pancreatic protein synthesis at the pre-and posttranscriptional levels in normal mice has been suggested and may play a role in the development of mice pancreatic diseases [35] . In addition, genetic and epigenetic PATERNAL TRANSMISSION OF PHENOTYPE INDUCED BY IVC differences between males and females have been reported at the preimplantation stage [19, 20, 36] , indicating that at this early stage of development male and female blastocysts can respond differently to IVC, affecting later development, and can differentially restore epigenetic marks between generations. Recently, it has been reported that glucose parameters were altered in mouse offspring produced by in vitro fertilization, intracytoplasmic sperm injection, and somatic cell nuclear transfer and that the effect was sex dependent, suggesting a sex-specific effect of in vitro exposure to media and/or mechanical manipulation on glucose homeostasis in offspring [37] . We have also reported sex-dependent differences elsewhere, including hypertrophy of the liver and lungs, and behavioral differences between males and females conceived through ICSI using either fresh or frozen sperm [38] .
In this work, we have analyzed at blastocyst stage the expression of some genes that are modifiers of epigenetic gene silencing that produce considerable variance in many complex traits in inbred individuals reared in controlled environments [39, 40] . We have found that blastocysts produced by suboptimal IVC exhibit transcriptional repression of some genes (Sox2, Hdac1, Kap1, Dnmt1, and Dnmt3a) that are modifiers of epigenetic gene silencing through the regulation of the transcription of specific genes, which involves changes in the chromatin state. Also, these genes are retained in the small fraction of sperm DNA bound by nucleohistones [41, 42] . This result suggests that the mechanism by which IVC alters phenotype could be related to mechanisms of epigenetic gene silencing. Interestingly, it has been reported that reduced levels of two modifiers of epigenetic gene silencing, Dnmt3a and Kap1, cause an increased phenotypic noise, suggesting that faithful epigenetic control of transcription is central to suppressing deleterious levels of phenotypic variation [43] . Our results support the well-known fact in different mammalian species that IVC increases the transcription at blastocyst stage of a large number of genes, suggesting a decrease in repressive epigenetic marks [7, 44] . It has also been reported that Kap1 controls endogenous retroelements during early embryonic development and in embryonic stem cells but not in adult fibroblasts [45] . The reduction of Kap1 by IVC agrees with previous results of microarrays, wherein using a list of murine IAP elements, it was observed that several of the probes analyzed were intensely up-regulated in IVC [7] . Interestingly, it has been reported that mice with a mutation in Kap1 were obese and had behavioral problems, and the lower expression of Kap1 that we have found in the blastocysts produced by IVC could also be related to the behavior problem reported in mice generated by IVC [43] . This result supports the notion that a reduction in the level of these genes results in increased developmental noise (higher standard variation of the body weight and glucose tolerance means size).
In vitro culture influences not only preimplantation embryo development but also the health of resulting offspring [2, 5] . In agreement with the importance of early embryo development for the health of the offspring, it has been reported that there is a third causal component for the random variability of quantitative biological characteristics besides genotype and environment [46] . This ''third'' component had previously been described as ''intangible variance'' [47] , and it has been revealed that this intangible variance results from physiological processes during preimplantation that cause differential further development of any zygote. Moreover, it is the most important component of the phenotypic random variability, fixing its range and dominating the genetic and the environmental component. We have demonstrated that under suboptimal IVC conditions, there is an adaptive response of the preimplantation embryo that activates physiological mechanisms of developmental plasticity to stabilize conceptus growth and extraembryonic lineage and enhance postnatal fitness that may lead to adult excess growth and cardiovascular, behavioral, and fertility alterations [2] . In agreement with the hypothesis that such adaptations are due to epigenetic changes occurring during preimplantation, we have detected epigenetic labile genes in the mouse embryo genomes that allow us to study the best IVC method to produce competent and healthy embryos to ensure that assisted reproductive technologies are utilized in the most efficient and safest possible manner. Our data demonstrate that disrupting the preimplantation environment can induce changes in gene-regulatory epigenetic networks and therefore result in increased phenotypic variation of the whole organism, causing adverse phenotypes (metabolic syndrome and subfertility), and that this epigenetic adaptation can be transmitted to the next generation. However, caution is required when extrapolating results from mouse studies to humans.
